Unlike melanoma, clear cell sarcoma harbors either a t(12;22)(q13;q12) recurrent translocation, resulting in an EWSR1/ATF1 chimeric gene, or less commonly a t(2;22)(q34;q12) translocation fusing EWSR1 and CREB1. Few studies have examined the prevalence of all chimeric types and variants to assess the usage of ancillary genetic testing in routine diagnosis. We investigated rearrangement prevalence in 17 clear cell sarcomas, two positive control cell lines, and two melanomas (negative controls). Fluorescence in situ hybridization (FISH) analysis using the LSI EWSR1 break-apart probe and a reverse transcription polymerase chain reaction (RT-PCR) assay optimized for formalin-fixed paraffin-embedded tissue to detect all four reported EWSR1/ATF1 clear cell sarcoma chimeric types and the EWSR1/CREB1 variant was performed. All 15 cases available for testing by FISH were positive for EWSR1 rearrangement including two cases with insufficient RNA for RT-PCR. Thirteen of 15 cases successfully tested by RT-PCR harbored a type 1 chimeric transcript (EWSR1 exon 8/ATF1 exon 4), of which five tumors simultaneously carried a type 2 chimeric transcript (EWSR1 exon 7/ATF1 exon 5). One case carried a type 2 transcript alone and one case contained an EWSR1/CREB1 transcript. Both control cases were positive by both techniques with one case carrying both types 1 and 2 chimeric transcripts and the other types 2 and 3 (EWSR1 exon 10/ATF1 exon 5). Consequently, both techniques are equally effective in assessing for an EWSR1 rearrangement and are useful ancillary diagnostic tests for clear cell sarcoma. They also reinforce the prevalence of this translocation in these tumors. In addition, EWSR1-CREB1 was identified in a clear cell sarcoma of soft tissue providing further evidence that this chimeric variant is not exclusive to gastrointestinal clear cell sarcomas and should be included in RT-PCR assays of soft tissue clear cell sarcomas.
Clear cell sarcoma is a rare aggressive sarcoma showing neuroectodermal and melanocytic differentiation. It occurs in young adults typically in the third to fourth decades and preferentially arises in the extremities with the majority being deep seated and involving tendons and aponeuroses. [1] [2] [3] Occasionally, primary clear cell sarcoma can arise in visceral organs including the gastrointestinal tract. 1, [4] [5] [6] [7] [8] [9] [10] It is one of the few sarcomas with a high propensity for lymph node metastases with frequencies of up to 50% reported. [1] [2] [3] Histologically, clear cell sarcoma is characterized by polygonal to spindled cells arranged in nests and fascicles with clear to eosinophillic granular cytoplasm and prominent nucleoli. Scattered wreathlike multinucleate giant cells can also be seen. By immunohistochemical studies, the tumor cells show melanocytic differentiation, being reactive for S-100 protein, HMB45, Melan-A, and microopthalmia transcription factor. [1] [2] [3] Interestingly, clear cell sarcomas of the gastrointestinal origin can be negative for specific melanocytic markers. 5, 6, [8] [9] [10] In addition, 50% of traditional extremity clear cell sarcomas can harbor pigment. 3 This can sometimes make the distinction between clear cell sarcoma and melanoma difficult, especially in situations in which there is no clear in situ component identified or in metastatic melanomas of unknown primary. Clear cell sarcomas, unlike melanoma, are genetically characterized by a recurrent translocation involving the EWSR1 gene located on chromosome 22q12. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The most common translocation partner is the activating transcription factor-1 (ATF1) gene on chromosome 12q13, of which four chimeric types have been described. [11] [12] [13] 15 A second less common translocation partner is CREB1 located on chromosome 2q34, which results in a rearrangement t (2;22) that has been preferentially reported in clear cell sarcomas of the gastrointestinal tract and not in clear cell sarcomas of the soft tissue, until recently. 13 Only one EWSR1-CREB1 fusion type has been described so far. 10, 13 To date, few studies have examined and characterized all of the EWSR1/ATF1 chimeric types and EWSR1/CREB1 chimeric variant in clear cell sarcomas. The purpose of our study was to examine the usage of both reverse transcription polymerase chain reaction (RT-PCR) and EWSR1 fluorescence in situ hybridization (FISH) on formalin-fixed paraffinembedded tissue as an ancillary diagnostic tool for clear cell sarcoma and to analyze the chimeric types and variants by RT-PCR.
Materials and methods
With institutional review board approval, 17 clear cell sarcomas from 16 patients (two tumors from the same patient, both metastases from different times to different sites), 2 controls, and 2 melanomas (used as negative controls) with formalin-fixed paraffinembedded tissue available were retrieved from the pathology files of The University of Texas M.D. Anderson Cancer Center and the Texas Children Hospital/Baylor College of Medicine from 1988 to 2008. Two cases from one patient were published earlier and included in this series. 23 Cases were reviewed by a soft tissue pathologist at M.D. Anderson (AJL) and clinical information was obtained when available. Inclusion criteria included tumors composed of spindle to polygonal cells arranged in fascicles or nests, typically involving the subcutis and/or fascia and tendons with immunohistochemical evidence of melanocytic differentiation (S-100 protein and/or HMB45 or Melan-A expression). [1] [2] [3] 24 Features of primary cutaneous melanoma such as an associated intraepidermal component or a former history of melanoma resulted in exclusion. All cases were tested in a blinded fashion. Thick sections (4 mm) from representative blocks of tumor (7 metastatic, 9 primary, and 1 of uncertain origin) were prepared on positively charged slides for FISH studies. In addition, two rolls of tumor of 20 mm thick each, or scrapped from multiple 4 mm thick unstained slides, when the tissue block was not available, were used for extraction of total RNA.
To detect and determine the type of EWSR1/ATF1 and EWSR1/CREB1 chimeric transcripts in formalin-fixed archival specimens, an RT-PCR assay was developed. Deparaffination and total RNA extraction was performed using the Ambion Optimum formalin-fixed paraffin-embedded tissue RNA Isolation Kit (Ambion, Austin, TX, USA); 2 ml of total RNA was reverse transcribed into cDNA using a 20-ml reaction volume containing 1.1 ml of random hexamers, 1.1 ml DEPC water, 2.2 ml 5 Â RT-buffer, 2.2 ml dNTP (10 mm), 2.2 ml 0.1 M DTT, 0.5 ml Rnase Out (40 m/ml), and 0.5 ml Super Script Reverse Transcription III. The integrity of RNA was evaluated by running a parallel polymerase chain reaction (PCR) for a 234-bp fragment of the ubiquitously expressed b-actin gene with two primers, one forward (5 0 -GAGCGGCAAATCGTGCGTGACATT-3 0 ) and one reverse (5 0 -GATGGAGTTGAAGGTGA TTTCGTG-3 0 ). Cases with insufficient RNA quality were excluded from the assay and no PCR was performed. Six different specific PCRs (four reactions for each type of EWSR1-ATF1 chimeric transcript and two reactions for EWSR1-CREB1, one with a forward primer specific for CREB1 and one forward consensus primer to both CREB1 and ATF1) were performed in all samples using both novel (for EWSR1-ATF1) and earlier reported (for EWSR1-CREB1) forward and reverse primers (see Table 1 ). 10 PCR was performed for 34 cycles at 54, 72, and 951C. Amplicons were visualized on a 2% agarose gel using ethidium bromide staining. Each reaction was optimized for formalin-fixed paraffinembedded tumor samples, generating amplicons between 130 and 200 bp, although in a few reactions, larger amplicons could also be detected in tumors carrying two chimeric transcripts. In each case, 5 ml of the PCR product or 5 ml of the final amplification product, after being extracted and purified from the gel (using the Qiagen QIAquick Gel Extraction kit, Qiagen, Valencia, CA, USA), were sequenced with the corresponding forward and reverse primer, using the ABI PRISM 3100-Avant Genetic Analyzer. Electropherograms were edited using Chromas Software (Technelysium, Tewantin, QLD, Australia) and the different break points were analyzed by BLAST, using the expected and earlier published different chimeric types. Both positive control cases were positive by FISH and RT-PCR, with one case carrying both types 1 and 2 chimeric transcripts, and the other harboring types 2 and 3 chimeric transcripts.
The FISH for EWSR1 rearrangement was performed using the LSI EWSR1 dual-color, break-apart probe (Abbott Molecular, Des Plaines, IL, USA) according to the manufacturer's recommendations and as described earlier. 25 Tissue sections of 4 mm thick were placed onto coated slides, air dried, and baked overnight at 601C. Slides were deparaffinized in CitriSolv (Fisher, Vernon Hills, IL, USA) three times for 5 min and then immersed in 100% ethanol twice for 1 min. After air drying, slides were treated in Paraffin Pretreatment solution (Paraffin Pretreatment Kit II, Abbott Molecular/Vysis, Des Plaines, IL, USA) for 10 min at 801C, washed with purified water for 3 min at room temperature, and treated with protease solution for 25 min at 371C. Slides were subsequently rinsed in purified water for 3 min, air dried, and put in 2 Â saline-sodium citrate buffer at 371C for 30 min, dehydrated in 70, 85, and 100% ethanol, respectively, and allowed to air dry. Next, 10-20 ml of LSI EWSR1 dual-color break-apart probe (Abbott Molecular) was applied to the slides in an approximately 1 cm 2 area selected for a pure tumor population (490% tumor cells), and hybridization was performed at 371C overnight in a moist chamber. Excess probe was washed away using 2 Â saline-sodium citrate buffer/0.3% NP-40 (Fisher) at 731C for 2 min, and the nuclei were counterstained with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI)/Vectashield (Vector Labs, Burlingame, CA). Slides were analyzed using a multi-filtered fluorescence microscope (Olympus BX5, Applied Imaging) and Cytovision Genus 3. 
Results

Clinical and Histological Findings
The mean patient age was 29 years (7-66 years) with a male to female ratio of 3:5. The clinical findings are summarized in Table 2 . Of the 16 patients, the most common primary site was the foot and lower extremity (8) with other sites including the knee (3), elbow (1), rectum (1), breast (1), palm (1), and forearm (1). All cases were selected to be histologically and clinically consistent with clear cell sarcoma ( Figure 1 ). The majority of the primary tumors were deep seated, with the exception of one tumor, which was centered completely in the dermis with no involvement of the deep soft tissue. This is unusual as the majority of clear cell sarcomas involve the deep soft tissue with some tumors occasionally involving the dermis by direct extension. In 14 of 17 tumors, immunohistochemical studies revealed tumor immunoreactivity for both HMB45 and S-100 protein. Of the three remaining cases, one case had only immunohistochemical study for S-100 protein available and was reactive. The remaining two tumors were also reactive for S-100 protein and negative for HMB45, with one case showing focal reactivity for MART-1.
None of the patients included in the study had a former history of melanoma. Twelve patients had follow-up with an average time of 67 months (6-312 months). Four of the 12 (33%) patients were alive with disease, 5 of 12 (42%) patients died of disease, and 3 of 12 (25%) patients had no evidence of disease. Twelve out of 16 patients (75%) developed metastasis with 8/12 (66%) known to develop lymph node metastases. The average time to metastases was 40 months after initial presentation (0-293 months).
Molecular Findings
Fifteen cases had material available for FISH analysis. All 15 out of 15 clear cell sarcomas showed the presence of an EWSR1 rearrangement by FISH. The results are summarized in Table 2 .
Total RNA extraction of 17 clear cell sarcoma specimens yielded RNA of sufficient quality in 15 cases for RT-PCR testing. In two older specimens (414 years old from 1988 and 1994), only highly degraded RNA insufficient for further testing was retrieved, but these were tested and found to have EWSR1 rearrangements by FISH. The assay detected chimeric transcripts in samples with an RNA concentration as low as 20.61 ng/ml. Thirteen tumors Four reactions were performed for each EWSR1-ATF1 chimeric type using novel primers. Two reactions were performed for EWSR1-CREB1 using earlier reported primers 10 with one reverse consensus primer (CREB1ex7-RevA) for both ATF1 and CREB1 and one reverse primer (CREB1ex7-RevC) specific for CREB1.
showed a type 1 chimeric transcript (EWSR1 exon 8/ATF1 exon 4), among which five tumors also simultaneously carried a type 2 chimeric transcript (EWSR1 exon 7/ATF1 exon 5). One tumor carried a type 2 chimeric transcript only. One dermally based primary tumor from the palm diagnosed in a 66-year-old patient harbored an EWSR1/CREB1 chimeric transcript. Examples of gel products are shown in Figure 2 . In the two different metastases (lung and forearm) from the same patient, excised at different times (15 months apart), one of the tumors harbored both types 1 and 2 chimeric transcripts, whereas the second one carried only a type 1. No type 4 (EWSR1 exon 7, ATF1 exon 7) chimeric transcript was identified in our cases. All amplification products were sequenced for break point characterization. Both melanomas were negative for rearrangements by both molecular tests.
Discussion
Clear cell sarcoma shares many features with melanoma, including histological, immunophenotypic, ultrastructural, and similarities in gene expression patterns. [1] [2] [3] 26 However, clear cell sarcoma is genetically distinct lacking melanoma-associated BRAF mutations 27 and instead harboring recurrent and characteristic chromosomal translocations involving the EWSR1 gene. In the majority of cases, EWSR1 is fused to ATF1 located on 12q13, [11] [12] [13] 15 whereas only rare cases have CREB1 located on 2q34 as the chimeric partner. 10, 13 The resulting translocation fuses the 5 0 end of the EWSR1 gene to the 3 0 end of either ATF1 or, less commonly, CREB1 (Figure 3) .
EWSR1 encodes for an RNA-binding protein and is involved in the recurrent translocations associated with a number of sarcomas including the Ewing family of tumors, desmoplastic small round cell tumor, extraskeletal myxoid chondrosarcoma, angiomatoid fibrous histiocytoma, myxoid liposarcoma (rarely), and clear cell sarcoma. 25, 28 ATF1 and CREB1 (cyclic AMP responsive-binding protein) both encode basic leucine zipper transcription factors that are involved in cAMP and Ca þ 2 -induced transcriptional activation. 29 As a result, both EWSR1-ATF1 and EWSR1-CREB1 chimeric proteins are believed to likely have a similar function in clear cell sarcoma oncogenesis. 10, 30 Interestingly, these translocations are not exclusive to clear cell sarcoma. Angiomatoid fibrous histiocytoma is also characterized by the same recurrent translocations, with EWSR1-CREB1 believed to be most prevalent translocation in these tumors. 30 Unlike clear cell sarcoma, angiomatoid fibrous histiocytoma is characterized by sheets of spindled and histiocytoid cells associated with hemorrhage and usually a prominent peripheral lymphocyte infiltrate, which are reactive to various degrees for desmin, CD68, CD99, and epithelial membrane antigen. These tumors do not have melanocytic differentiation and have an overall excellent prognosis. 3, 31, 32 The discrepant phenotype and clinical behavior between these two neoplasms suggests that, even though these chimeric genes may have a function in early tumor development of both, other factors such as a different cell of origin and/or additional oncogenic genetic events may be associated and perhaps required for the development of a full tumor phenotype on each of these tumors.
Owing to the characteristic and recurrent association of these translocations and clear cell sarcoma, molecular diagnostics can serve as a useful diagnostic ancillary tool, especially in differentiating melanoma from clear cell sarcoma. Using FISH, Patel et al.
14 found that 7/10 (70%) clear cell sarcomas harbored a rearrangement in the EWSR1 locus, whereas none of the 32-tested melanomas carried the rearrangement. In contrast, all 15 clear cell sarcomas in our series, with material available, were positive for EWSR1 rearrangement by FISH. The discrepancy in the results may emphasize the difficulty in differentiating metastatic melanoma of unknown primary from clear cell sarcoma.
RT-PCR has also been found to be valuable not only detecting, but also typing clear cell sarcoma chimeric transcripts. Chimeric transcript detection rate in clear cell sarcoma by this method varies from 93 to 100%. [11] [12] [13] 15 (Table 3) Minor discrepancies in detection rates may be partially explained by the fact that not all studies included the less prevalent chimeric transcripts in their RT-PCR assays. Coindre et al. 12 found chimeric transcripts in 38 out of 41 (93%) formalin-fixed paraffin-embedded samples tested using a real-time RT-PCR assay for types 1 and 2 EWSR1-ATF1 chimeric transcripts. None of 14 tested melanomas in their study showed either transcript. Using RT-PCR to detect types 1-3 EWSR1-ATF1 chimeric transcripts, Antonescu et al. 15 found chimeric transcripts in 11/12 (92%) frozen or paraffin-embedded tumors, whereas Panagopoulos et al.
11 found all 10 paraffin-embedded formalin-fixed tumors contained at least one of the four EWSR1-ATF1 chimeric transcripts. Aside from this study, only Hisaoka et al. 13 have examined for the presence of all four chimeric EWSR1-ATF1 as well as EWSR1-CREB1 chimeric transcripts using an RT-PCR assay. In their study, all 31 cases were positive. In our series, all cases with sufficient RNA (15/15) were positive for a known clear cell sarcoma chimeric transcript. The two cases with insufficient RNA were both from samples older than 14 years of age, in which the RNA was most likely degraded. The oldest successfully tested sample in our series was 10 years. In both cases in which RT-PCR failed to detect a chimeric transcript, an EWSR1 rearrangement was detected by FISH, highlighting the usefulness of FISH for the diagnosis of specimens with inadequate or degraded RNA.
Having access to multiple methods for detecting fusion genes or transcripts can be helpful as both FISH and RT-PCR are susceptible to failure or false negative in certain situations. In general, RT-PCR is more sensitive to nucleic acid integrity. The age of the sample, the use of decalcification, and delays in fixation or over fixation can all affect the ability to retrieve adequate RNA for diagnosis. Stringent laboratory protocols must be also observed in RT-PCR to prevent cross-contamination between samples because of its sensitivity. In contrast, FISH is more robust technique, but harsh treatment of the tissue (extensive decalcification for instance) can also affect its performance. Unlike RT-PCR, it can provide for in situ confirmation directly on tissue sections and many FISH probes, including the EWSR1 break-apart probe used in this study, are commercially available. It also does not require knowledge of the fusion partner, which is useful if an RT-PCR assay does not cover the more rare fusion partners. Conversely, break-apart FISH does not provide information about the fusion partner, which can be diagnostically relevant in certain sarcomas. As discussed above, different sarcomas may carry rearrangements of the same locus and thus break-apart FISH is not entirely specific, a fact that is particularly relevant in limited biopsies.
On account of the variability of EWSR1 and ATF1 intronic break points, four EWSR1-ATF1 chimeric variants have been described. 11, 13 Type 1 resulting from the fusion of EWSR1 exon 8 and ATF1 exon 4 is the most common chimeric transcript in most studies, with the second most common being type 2 (EWSR1 exon 7 and ATF1 exon 5). (Table 3 .) The remaining EWSR1-ATF1 chimeric transcript types, types 3 (EWSR1 exon 10 and ATF1 exon 5) and 4 (EWSR1 exon 7 and ATF1 exon 7) are exceedingly rare with type 4 found in only a single case, which also harbored multiple chimeric transcripts. [11] [12] [13] 15 In addition, multiple chimeric transcripts in the same tumor have been described in other studies, [11] [12] [13] suggesting two clones or perhaps more likely, posttranscriptional alternative splicing. In our series, type 1 was the most common chimeric transcript identified alone (8/15, 53%) . Only a single case harbored a type 2 (1/15, 7%) alone. Similar to other studies, tumors with multiple chimeric transcripts were identified (5/15, 33%) in our series, all of which were a combination of types 1 and 2. Two different metastases in the same patient diagnosed at separate times and from different sites also showed differences in chimeric transcript with one case showing type 1 alone and the other showing both types 1 and 2 (cases 11 and 12) . This finding may represent the presence of different metastatic tumor clones. Alternatively, it may indicate that there are differences in the transcription or post-transcription 12,13 Our series lack sufficient sample size and prognostic correlation and virtually all of our tumors behaved aggressively, as reported earlier. [1] [2] [3] 24, 33, 34 Overall, the role of chimeric transcript types and variants in sarcomas is uncertain. One example is synovial sarcoma, in which SYT-SSX chimeric transcript type I was found to be significantly associated with a worse prognosis in some studies, but not in others. 35, 36 However, there is data that chimeric transcript type may play a role in targeted therapy in some sarcomas. Preliminary studies have suggested that myxoid liposarcomas with type I FUS-CHOP chimeric transcript may respond better to trabectedin. 37, 38 Although the role of chimeric transcript type and variants have not been established in clear cell sarcoma, future studies or new therapeutic approaches may be revealing.
Unlike EWSR1-ATF1, only one chimeric variant for EWSR1-CREB1 has been reported. Originally, this chimeric transcript variant was suggested to be preferential to clear cell sarcoma arising in the gastrointestinal tract based on the observation of three cases in this rare type of clear cell sarcoma. 10 However, two non-gastrointestinal clear cell sarcomas with EWSR1-CREB1 have been recently described by Hisako et al. 13 In our series, we report the third case of a clear cell sarcoma of soft tissue, which was not only associated with an EWSR1-CREB1 chimeric transcript, but also unusual in that it was dermally based on the palm. Consequently, EWSR1-CREB1 is a rare chimeric transcript, which can be found in all clear cell sarcomas regardless of site and can be missed if only RT-PCR for EWSR1-ATF1 chimeric transcripts is performed. FISH would still be positive for a rearrangement in EWSR1, as in our case, but is not specific for the chimeric partner. Both EWSR1-ATF1 and EWSR1-CREB1 are known to occur in gastrointestinal clear cell sarcomas. 5, 6, 8, 10 However, the prevalence of chimeric transcript types in gastrointestinal clear cell sarcomas at this site remains uncertain given the rare nature of this tumor.
Our study shows that both an RT-PCR assay and a break-apart FISH for EWSR1 are useful molecular diagnostic tests for clear cell sarcoma. RT-PCR is useful for the identification of EWSR1-specific partner gene, break point, and chimeric transcript types. FISH is especially useful in older specimens, in which RNA is often degraded. Similar to other studies, EWSR1-ATF1 chimeric transcripts, specifically type 1, was the most common chimeric transcript found, with many cases carrying multiple chimeric transcripts. Furthermore, we present further evidence that EWSR1-CREB1 is not exclusive to gastrointestinal tract tumors, indicating the need of incorporating this variant in routine molecular testing of soft tissue clear cell sarcoma specimens if RT-PCR for EWSR1-ATF1 is negative. Further studies are needed to determine the biological meaning and potential prognostic significance of the different chimeric types.
